Certain membrane-active cationic steroids are known to also possess both anti-inflammatory and antimicrobial properties. This combined functionality is particularly relevant for potential therapies of infections associated with elevated tissue damage, e.g. cystic fibrosis airway disease, a condition characterized by chronic bacterial infections and ongoing inflammation. In this study, six novel cationic glucocorticoids were synthesized using beclomethasone, budesonide, and flumethasone. Products were either monosubstituted or disubstituted, containing one or two steroidal groups, respectively. In vitro evaluation of biological activities demonstrated dual antiinflammatory and antimicrobial properties with limited cytotoxicity for all synthesized compounds. Budesonide-derived compounds showed the highest degree of both glucocorticoid and antimicrobial properties within their respective mono-and disubstituted categories. Structureactivity analyses revealed that activity was generally related to the potency of the parent glucocorticoid. Taken together, these data indicate that these types of dual acting cationic lipids can be synthesized with the appropriate starting steroid to tailor activities as desired.
By the age of 17 years, nearly 70% of CF patients are infected with an opportunistic pathogen known as Pseudomonas aeruginosa. Once acquired, the organism is difficult to completely eradicate from the CF airway, leading to persisting infection and inflammation that eventually causes permanent pulmonary damage. 2 Pathophysiological symptoms of this condition are cyclic in intensity, with the more intense periods termed "exacerbations." Such exacerbations are associated with high bacterial (usually, P. aeruginosa) concentrations in the airway sputum, and aggressive antibiotic treatment is typically required to improve lung function. 3, 4 However, while early P. aeruginosa infections are susceptible to common antipseudomonal antibiotics (e.g. β-lactam antibiotics, aminoglycosides, and fluoroquinolones), later infections are more difficult to treat as antibiotic resistance emerges with the patient's age. 2 Resistance develops under the pressure of continued heavy use of antibiotics, which facilitates the selection of resistant strains, and is additionally linked to increased occurrence of hypermutable P. aeruginosa isolates. 5 The emergence of these isolates is associated with the ongoing oxidative stress caused by the chronic polymorphonuclear leukocyte inflammation seen in many CF patients. 6 Thus, a novel antibiotic with a dual antiinflammatory function may also prove useful for treating and preventing additional exacerbations of CF airway disease.
Previous cationic sterol-based cationic lipids synthesized by our laboratory, dexamethasone spermine (DS) 7 and disubstituted dexamethasone spermine (D 2 S) 8 , exhibited dual antimicrobial and anti-inflammatory functions. This study presents the synthesis and characterization of six new cationic steroids of similar structure to further understanding of this family of compounds. Instead of dexamethasone (dex), the six novel lipids presented ( Figure 1 ) here contain other glucocorticoids (GCs) as the steroidal side groups: flumethasone in Compounds 1 and 2 (FS and F 2 S), budesonide in Compounds 3 and 4 (BuS and Bu 2 S), and beclomethasone in Compounds 5 and 6 (BeS and Be 2 S). These cationic lipids were the result of linking a polyamine, i.e. spermine, to the 21-OH position of each steroid. Products from this linkage reaction were either monosubstituted or disubstituted, with linkages occurring at one or both terminal amino groups of spermine, respectively. Final products were evaluated for glucocorticoid, antimicrobial, and DNA lipofection activities, as well as for any potential cytotoxic effects on mammalian cells.
A one-pot reaction with the appropriate GC mesylate, Traut's reagent (TR), and spermine (shown in Figure 2 ) yielded the monosubstituted steroid (Compounds 1, 3, or 5) as the major product and the disubstituted steroid (Compounds 2, 4, or 6) as the minor product. The primary amines on either end of spermine reacted with TR to cause a selective ring-opening, resulting in an exposed sulfhydryl (-SH) end group. This end group then interacted with the α-keto mesylate of the modified GCs to form an α-keto thioether linkage between the steroid and polycation tail (i.e. the spermine-TR conjugate), yielding the monosubstituted cationic steroid. To form the disubstituted product, the primary amine of the monosubstituted lipid reacted with another TR molecule to eventually result in another thioether linkage with a separate GC molecule.
Desired compounds were purified from excess starting reactants and unwanted reaction intermediates with semi-preparative HPLC, and then their molecular weights and chemical structures were verified with mass spectroscopy (MS) and 1 H and 13 C NMR. MS results are shown in Supplementary Figures 1-3 . 1 H and 13 C NMR spectra and chemical shifts are shown in Supplementary Figures 4-15 . Overall yield for the entire process (synthesis to purification) was ~60-70%, i.e. ~60-70% conversion of the parent steroid mesylate to the monosubstituted cationic product and a subsequent ~6-10% conversion of the monosubstituted product to the disubstituted product in a one-pot reaction.
Our ultimate goal for these compounds is to apply them in conjunction with potential gene therapies of CF airway disease. To identify the products with the highest therapeutic potential for this application, we evaluated the following in vitro properties of each compound: anti-inflammatory activity, antimicrobial activity, ability to deliver DNA (transfection activity), and cytotoxicity.
Anti-inflammatory activity was determined by measuring the glucocorticoid activity of each compound. This involved evaluating their abilities to trigger nuclear localization of the glucocorticoid receptor (GR) and to induce the glucocorticoid response element (GRE) in bovine aortic endothelial cells (BAECs). Results are shown in Figures 3 and 4 , respectively. Ability to trigger some degree of nuclear localization of the GR was observed for all cationic lipids, though some exhibited more potency than others (Figure 3 ). Only budesonide-derived compounds (Compounds 3 and 4) showed activity equivalent to that seen with the positive control dex. Flumethasone and beclomethasone compounds (Compounds 1-2 and Compounds 5-6, respectively) showed less potency than equivalent concentrations of dex at all values tested (p<0.01). For induction of the GRE, the budesonide-derived products are, again, the only compounds to achieve expression equivalent to that seen with dex ( Figure 4) . Interestingly, beclomethasone products showed a comparatively limited ability to trigger GRE induction; no cellular response was observed at 1 μM BeS or Be 2 S (data not shown). At 5 μM, Be 2 S trigged only a modest response, while BeS triggered no effect at all. Flumethasone-derived products were able to achieve equivalently limited responses at 1 μM for both FS and F 2 S.
To evaluate antimicrobial activity, Compounds 1-6 were screened for in vitro bactericidal activity against various strains of bacteria, including several clinical isolates of P. aeruginosa. The specific strains and corresponding minimal inhibitory concentrations (MICs) and minimal bactericidal concentrations (MBCs) are listed in Table 1 . For clarity and easy interpretation, results are also depicted in the form of a clustergram in Figure 5 . While generally more effective against the gram-positive bacterium tested (MRSA Xen30), many of the monosubstituted products were unable to achieve inhibitory effects at concentrations less than 128 μg/ml with the other bacteria tested. BuS (Compound 3) was the exception in this general trend, showing activity nearly equivalent to that seen with the more potent disubstituted products. Notably, BuS and all disubstituted products (Compounds 2, 4, and 6) displayed bactericidal activity greater than that observed with the positive controls, tobramycin and cathelicidin LL-37. Bu 2 S (Compound 4) showed the greatest potency of all compounds tested. Additional bacterial killing data, i.e. MBC/MIC ratios, can be found in Supplementary Table 1 .
Transfection activities of cationic lipids were assessed using mixtures of varying monosubstituted to disubstituted lipid ratios on BAECs or A549 cells. Results are shown in Figure 6 . With either cell type, transfection mixtures containing only monosubstituted lipids showed zero to very little transfection activity. Mixtures containing only disubstituted products achieved transfection activity generally comparable to that seen with the positive control, Lipofectamine 2000. Interestingly, 60/40 and 40/60 mol% FS/F 2 S mixtures showed activity equivalent to that seen with 100% F 2 S with either cell type. For budesonide and beclomethasone compounds, trends in activity appeared to be cell specific. 40/60 mol% mono/disubstituted mixtures appeared more effective with BAECs, while 60/40 mol% mixtures were more effective with A549 cells.
Compounds showed limited toxicity on BAECs and A549 cells at concentrations less than 50 μM (~30 μg/ml for monosubstituted compounds, ~60 μg/ml for disubstituted compounds), as shown in Figure 7 . At these lower concentrations, loss in cell viability was never greater than ~10% for BAECs and ~20% for A549 cells. Furthermore, toxic effects on viability never exceeded that which was seen with dex at equivalent concentrations. At 50 μM, however, much more dramatic effects were observed. Treatment with any disubstituted compound resulted in a dramatic loss in cell viability (85-100%) with either cell type. This degree of toxicity was not observed at 50 μM dex, although this concentration proved to be more toxic than lesser concentrations of the compound. Interestingly, monosubstituted products also did not exhibit this amount of cytotoxicity at 50 μM concentration. BuS treatment showed loss in viability comparable to that seen with dex at this concentration, while FeS and BeS barely caused a ~5-10% loss in viability.
Toxicity toward eukaryotic cell membranes was assessed by measurement of hemoglobin (Hb) release from human red blood cells (RBCs), and results are shown in Figure 8 . Significant Hb release was observed only with the higher concentrations (≥50 μM) of the disubstituted compounds. Bu 2 S caused the most Hb release at these concentrations, i.e. ~17% Hb release at 50 μM and ~36% release at 100 μM, while Be 2 S resulted in the least, i.e. 0% release at 50 μM and ~8% release a 100 μM. All monosubstituted products failed to cause >1% Hb release at all concentrations tested.
In conclusion, the compounds presented here exhibited a range of anti-inflammatory and antimicrobial activities that generally correlated with potencies of the parental steroidal groups used to synthesize them. Results additionally demonstrated that these lipids can be used without causing dramatic toxicities at the concentrations necessary to achieve desired pharmacological activities.
GC activity is known to correlate with the size and polarity of the substituent at the 16-C position. 9 Hydrophobic residues at this position, like the cyclic acetal group of budesonide, result in higher GC potency. In fact, unmodified budesonide demonstrates GC activity that is ~10 times more potent than that of dex 9 and a GR affinity for that is ~8 times the GR affinity of dex 10 . Meanwhile, unmodified flumethasone and beclomethasone have GC activities that are only 2-3 times higher than that of dex. 9 Consequently, the comparatively high degree of GC activity of BuS and Bu 2 S is not particularly surprising. However, the lack of GC activity from flumethasone-and beclomethasone-derived compounds is. This finding suggests that addition of the cationic tails to these steroids causes decreased membrane permeability and/or decreased GR affinity to ultimately result in significantly lower GC activity.
In general, disubstituted products demonstrated more potency than their monosubstituted analogues in GC activity and many of the other categories tested. This is an expected observation since the disubstituted products, as demonstrated by their CLogP values ( Figure  1 ), are more lipophilic than their monosubstituted analogues. With higher hydrophobic character, these compounds are able to penetrate the hydrophobic core of a cell membrane more easily and trigger the appropriate response once inside the cell. This enhanced membrane activity is also reflected in their ability to trigger Hb release from RBCs at concentrations that triggered no such response with the monosubstituted products ( Figure 5 ). Additionally, for anti-inflammatory activity in particular, the enhanced activities of disubstituted products can also be attributed to the presence of two steroidal side groups, rather than one. With an additional ligand to bind appropriate receptors, these compounds are more likely to bind and activate the cytosolic GR once they have bypassed the cell membrane.
Beyond specific protein targets like the glucocorticoid receptor, steroid-spermine conjugates can also interact with micron-scale targets such as biological membranes. For the cationic lipids reported, one important metric of pharmaceutic activity is their differential interaction with mammalian cell membranes and bacterial cell membranes. We not only demonstrate that these molecules are nontoxic to mammalian cell plasmalemma membranes (Figure 8 ), they also have endosomolytic activity (Figure 6 ), which is an important feature in nucleic acid therapies. For the disubstituted spermine conjugates, the endosomolytic activity for DNA delivery was quite high as was their bactericidal activity, compared to the monosubstituted spermine conjugates. Given the relevance of new therapies involving nucleic acid (even against Ebola 12 ), this functional membrane activity is a relevant metric of the pharmacological function of these molecules and we address this issue with quantitative measurements (Figures 5-8) .
Interestingly, at concentrations above 0.01 μM, one monosubstituted compound, BuS (Compound 3), was able to achieve levels of GC activity equivalent to that observed with dex and its disubstituted counterpart (Bu 2 S, Compound 4) without demonstrating significant membrane disruption activity with RBCs. At the concentrations tested (0-100 μM), treatment of RBCs with BuS did not cause any Hb release, indicating that the plasma membrane had not been compromised. Together, these phenomena suggest that BuS is membrane permeable without being membrane disruptive, as it must bypass the cell membrane in order to bind the cytosolic GR for GC activity. Likely, the smaller size of BuS, relative to that of the disubstituted compounds, allows it to pass through the membrane without disrupting the structural integrity.
Trends observed in bacteria killing ability are generally analogous to those seen with GC activity. The disubstituted compounds are more effective than their monosubstituted counterparts, and the explanations are likely the same, despite the differences in lipid membrane constituents in prokaryotic and eukaryotic cells. Disubstituted compounds are larger and more hydrophobic, enabling them to more easily associate with a lipid bilayer membrane and cause disruptions in the structural integrity when they do so. Notably, however, BuS once again shows unexpectedly high activity. Despite being less effective than its disubstituted counterpart, it was much more effective than any of the other monosubstituted compounds tested. In fact, the antimicrobial activity of BuS was more comparable to that of the disubstituted compounds than that of the monosubstituted ones.
Results from the bacteria killing assay also demonstrated two other key findings. First, BuS and all disubstituted compounds tested were generally more effective at killing the tested pathogens than antimicrobial compounds cathelicidin LL-37 and tobramycin were, and the latter is frequently used to treat bacterial infections during CF airway exacerbations. Second, all compounds of this study, both mono-and disubstituted, showed particularly high efficacies against the Gram-positive bacterium MRSA Xen30. Gram-positive bacteria are generally more susceptible to cationic lipids, 11 but they may show especial susceptibility with cationic antibiotics because of their peptidoglycan outer layer. Anionic polymers, i.e. teichoic acids, are exposed on the surface of Gram-positive bacteria and thread through their peptidoglycan outer layer. They impart to it a negative charge that facilitates easy association with cationic antibiotics. Gram-negative bacteria, on the other hand, have an outer membrane layer that contains LPS molecules, which reduce the fluidity, and thus the permeability, of the membrane. LPS typically allows resistance against hydrophobic antibiotics for this reason, but the antibiotics presented here are also cationic in nature. This characteristic likely enables them to weaken the LPS structure by displacing the divalent cations (Ca 2+ and Mg 2+ ) that normally stabilize it, thereby allowing permeabilization of the outer membrane that render the bacteria unviable.
In using these compounds for potential gene therapies of cystic fibrosis airway disease, we evaluated their ability to be used as DNA delivery agents. Essentially all CF patients have chronic airway infection and inflammation, thus motivating the molecular design of the synthesized molecules. While no compound was more efficacious than the commercially available Lipofectamine 2000, many of the formulations tested showed comparable activity. Those formulations could therefore be used to facilitate equivalent gene transfer while also effecting anti-inflammatory and antimicrobial changes as well. The value of these compounds is not in enhancing any single particular effect but in achieving simultaneous actions with a single formulation.
The compounds presented here offer a unique advantage in treating infections associated with elevated tissue inflammation. As novel antibiotics with dual anti-inflammatory and bactericidal activities, they are able to treat the infection itself as well as the inflammatory environment that promotes the development of hypermutable bacterial strains and antibiotic resistance. In particular, BuS (Compound 3) is a particularly promising candidate for future therapeutic applications, as it exhibits high potencies in GC and antimicrobial activities but little in cytotoxic and hemolytic activities. The abilities of BuS and the other compounds presented here to facilitate gene transfer provide additional value with treatments that target the relevant diseases at their genetic source.
Ultimately, the results presented in this study additionally demonstrate that these compounds can be synthesized with different parent glucocorticoids to produce cationic steroids that retain their dual functionalities but achieve potencies that correlate with that of the starting steroid. Synthesis of these lipids can thus be modified accordingly to tailor potential treatments for a variety of applications and potencies.
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Refer to Web version on PubMed Central for supplementary material. Flumethasone and beclomethasone products, on the other hand, showed significantly less GRE activation (** p<0.01, Student's t-test) than that seen with eqivalent concentration of dex (A) BAECs and (B) A549 cells were treated with cationic lipids at the specified concentrations for 24 hours before cell viability was assessed. Results represent means, and error bars indicated standard deviation from four replicates at each condition. At concentrations below 50 μM, compounds showed limited toxicity, i.e. no more than 10% or 25% loss in viability with BAECs or A549 cells, respectively. Disubstituted products showed significant toxicity at 50 μM only, resulting in complete or near complete loss in viability with both cell types. In all other cases, toxicity was never greater than that observed with the dexamethasone control. ** indicates statistical significance (p < 0.01, Student's ttest) when compared to untreated control. Freshly isolated human RBCs were treated with specified amounts of cationic lipids, and hemoglobin (Hb) release was measured after one hour of treatment at 37°C. Results are represented as means, and error bars show the standard deviation from four replicates at each condition. Monosubstituted products show very little to no RBC hemolysis at all concentrations tested. Disubstituted products show hemolysis at concentrations greater than 50 μM.
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